INTRODUCTION
Chronic pain without a known pathological source may be the consequence of alterations in biological stress systems function resulting in abnormal pain perception. 1 2 A dominant hypothesis suggests that dysregulations of the hypothalamic-pituitaryadrenal (HPA) axis, the immune system (IMS) and the autonomic nervous system (ANS) contribute to initiating chronic pain. 3 This may occur through central sensitisation, a process of hypersensitivity of neural nociceptive pathways. 4 Adverse life events may trigger central sensitisation and aggravate the impact of dysfunction of biological stress systems on chronic pain. 3 5 Previous studies found impaired HPA axis function, mostly indicated by hypocortisolemia, in chronic pain. [6] [7] [8] [9] [10] One prospective study found that a blunted diurnal cortisol rhythm and nonsuppression of the HPA axis were associated with new-onset chronic widespread pain among psychologically at-risk subjects. 5 Also, IMS dysfunction has been demonstrated in chronic pain. 11 We recently found unaltered levels of basal inflammatory markers but elevated levels of lipopolysaccharide (LPS)-stimulated inflammatory markers in chronic multisite musculoskeletal pain, possibly indicative of an enhanced innate immune response. 12 Moreover, impaired sympathetic activity and parasympathetic activity of the ANS have been shown in chronic pain, 3 13-15 although we recently showed parasympathetic dysregulations to be associated with the severity, but not the presence of chronic pain. 16 Some cross-sectional studies suggest an association between recent adverse life events and chronic pain. 17 18 One longitudinal study found that experiencing two or more adverse life events (related to relationships, unemployment, illness and financial problems) predicted chronic widespread pain onset. 19 Although longitudinal evidence is limited, trigger incidents, such as adverse life events, in combination with dysregulated biological stress systems have been hypothesised as a risk factor for developing chronic pain. 3 5 Most previous studies that examined biological stress systems and life events in relation to chronic pain were cross-sectional and did not take relevant confounders such as lifestyle, chronic diseases, depression and anxiety into account. This 6-year longitudinal study examines whether (1) function of biological stress systems (HPA-axis, IMS and ANS), (2) adverse life events, and (3) the co-occurrence of biological function and adverse life events predict the onset of chronic multisite musculoskeletal pain, while adjusting for the aforementioned confounders.
METHODS Sample
Longitudinal data are from the Netherlands Study of Depression and Anxiety, an ongoing cohort study conducted among 2981 adults (18-65 years at baseline) with and without depression or anxiety 20 (see online supplementary text). Baseline data collection took place between 2004 and 2007, with follow-up assessments 2 years, 4 years and 6 years later. Subjects who were free of chronic multisite musculoskeletal pain at baseline (n=2213; see below) were selected. Of these eligible subjects, 2039 subjects had follow-up data on pain available. Included subjects (n=2039) had lower pain intensity and disability scores at baseline ( p<0.001), had fewer years of education ( p<0.001), had less often a lifetime depressive and/or anxiety disorder ( p<0.001) and less often experienced adverse life events ( p=0.02), but did not differ in sex, age and biological stress systems function, compared with persons who were lost to follow-up (n=174). From these 2039 subjects, baseline data for HPA axis were available of 1464 subjects ( persons using corticosteroids were excluded: n=72), for basal inflammation of 2022 subjects, for LPS-stimulated inflammation of 862 subjects, for ANS of 1951 subjects and for life events of all 2039 subjects.
Onset of chronic multisite musculoskeletal pain
Chronic multisite musculoskeletal pain was defined using the Chronic Pain Grade (CPG). 21 The CPG first inquires about the presence of pain in the prior 6 months in the extremities( joints of the arms, hands, legs or feet), back, neck, head, abdomen, chest and the orofacial area(mouth and face). 22 The subsequent questions in the CPG refer to the most painful location and include: (1) days in pain in the prior 6 months (scale 0-180); (2) pain at this moment (scale 0-10); (3) worst pain in the prior 6 months (scale 0-10); (4) average pain in the prior 6 months (scale 0-10); (5) disability days in the prior 6 months (scale 0-180); (6) disability in daily activities (scale 0-10); (7) disability in spare time, social life and family activities(scale 0-10); and (8) disability in work (scale 0-10). A total pain intensity score was calculated using questions 2, 3 and 4 of the CPG; a total pain disability score was calculated using questions 6, 7 and 8 of the CPG (average of the 0-10 ratings of the three questions multiplied by 10 resulting in a 0-100 score). 21 According to the CPG protocol, five grades were categorised from these measures: grade 0 ( pain-free, no pain in the prior 6 months); grade I (low disability, low intensity); grade II (low disability, high intensity); grade III (high disability, moderately limiting); and grade IV (high disability, severely limiting). 21 We defined chronic multisite musculoskeletal pain as grade I, II, III or IV on the CPG and pain present in the extremities, the back, and the neck. 12 Subjects with chronic multisite musculoskeletal pain at baseline were excluded from analyses. Participants were classified as having onset of chronic multisite musculoskeletal pain if they met these criteria at one of the follow-up assessments (2 years, 4 years or 6 years). We further refer to chronic multisite musculoskeletal pain as 'chronic pain'.
Biological stress systems

HPA axis
Saliva samples were collected at home using Salivettes (Sarstedt AG and Co, Numbrecht, Germany) at seven time points within a median of 9 days (IQR=5-22) after the baseline interview. 23 Cortisol analysis was performed by competitive electrochemiluminescence (E170 Roche, Switzerland). The cortisol awakening response included sampling points at awakening, and 30 min, 45 min and 60 min later. Using formulas described by Pruessner et al, 24 the area under the curve with respect to the ground (AUCg) and with respect to the increase (AUCi) were calculated based on the four morning cortisol measures. Evening cortisol was averaged over two evening values (22:00 and 23:00). The cortisol suppression ratio was calculated as the cortisol value at awakening on the first day divided by the cortisol value at awakening on the next day after ingestion of 0.5 mg dexamethasone the evening before (directly after the saliva sample at 23:00).
Immune system
Basal inflammatory markers included C reactive protein (CRP), interleukin (IL)-6 and tumour necrosis factor (TNF)-α. Fasting morning blood samples were kept frozen at −80°C. CRP was assayed using a high-sensitivity inhouse ELISA based on purified protein and polyclonal anti-CRP antibodies (Dako, Glostrup, Denmark). IL-6 was assayed using a high-sensitivity ELISA (PeliKine-Compact ELISA, Sanquin, Amsterdam). TNF-α was assayed using a high-sensitivity solid-phase ELISA (Quantikine HS Human TNF-α Immunoassay, R&D systems, Minneapolis, USA). A basal summary index was calculated as the standardised sum of all three standardised ln-transformed basal inflammatory markers.
The innate immune response of 13 cytokines was determined in whole blood that was ex vivo stimulated with LPS (10 ng/mL blood). LPS-stimulated samples were laid flat and incubated at a slow rotation for 5-6 h at 37°C. Plasma was kept frozen at −80°C. Using a multianalyte profile (Human CytokineMAP A V.1.0; Myriad RBM, Austin, Texas, USA), interferon γ, IL-2, IL-4, IL-6, IL-8, IL-10, IL-18, C-C motif chemokine 2 (CCL2), CCL3, CCL4, matrix metalloproteinase 2, TNF-α and TNF ligand superfamily member 1 were determined. An LPS summary index was calculated as the standardised sum of all 13 standardised ln-transformed markers and used in the analyses. 12 Autonomic nervous system ANS functioning was assessed unobtrusively during the interview using the VU University Ambulatory Monitoring System (VU-AMS), recording the ECG and changes in thorax impedance from six electrodes placed on the chest and back for a period of ∼2 h. 25 26 Breaks and non-stationary moments were removed from the registration. Mean heart rate, pre-ejection period, SD of the normal-to-normal interval (SDNN) and respiratory sinus arrhythmia (RSA) were determined. 16 27 Adverse life events
The number of adverse life events (0-13) was assessed at baseline using the List of Threatening Events Questionnaire. 28 29 The list assesses 12 recent life stressors in the year preceding the baseline assessment such as death of close friend or relative. 30 We additionally inquired whether subjects experienced any other adverse life event in the past year.
Covariates
Baseline covariates were selected a priori based on previous studies on biological stress systems function and chronic pain. A first set of covariates included sociodemographic variables, cortisol sampling factors (HPA axis analyses), 31 laboratory site (LPS analyses) and respiration rate (RSA analyses). 32 A second set of covariates included several lifestyle and disease factors (body mass index, smoking, alcohol intake, 33 physical activity, 34 chronic somatic diseases, use of anti-inflammatory medication (IMS analyses), and use of β-blocking agents and other heart medication (ANS analyses)). Since depression and anxiety may confound the association between biological variables and pain, the third set of covariates comprised lifetime diagnoses of depressive and anxiety disorders, 35 and use of antidepressants (see online supplementary text for details).
Statistical analyses
Baseline characteristics were compared between subjects with and without onset of chronic pain using independent-samples t tests for continuous variables, χ 2 tests for dichotomous and categorical variables, and Mann-Whitney U tests for nonnormally distributed variables. Adjusted Cox's regression analyses were used to examine the associations of each biological variable and adverse life events with the onset of chronic pain. Values for evening cortisol, cortisol suppression ratio and basal inflammatory markers were ln-transformed to normalise distributions. Proportional hazards were verified. A potential moderating effect of life events in the association between biological stress systems and chronic pain onset was examined by adding an interaction term (biological variable×number of life events) to each analysis. Since the HPA axis could be hypoactive or hyperactive, 9 non-linear associations between cortisol measures and chronic pain onset were examined by entering quadratic terms of cortisol measures to the model also including the linear terms. Since our previous study found hypocortisolemia particularly among chronic pain subjects without depressive or anxiety disorders, 9 we tested whether lifetime depression and/or anxiety moderated the association between biological stress systems and chronic pain onset by including biological variable×psycho-pathology (yes/no) interaction terms in the analyses. Follow-up time was included as 2 years, 4 years or 6 years. Subjects were censored in the analysis at the last recorded follow-up.
Three models were tested: (1) adjusted for sociodemographic variables (and cortisol sampling factors, laboratory site and respiration rate); (2) additionally adjusted for lifestyle and disease factors (and use of anti-inflammatory medication, β-blocking agents and other heart medication), and; (3) additionally adjusted for lifetime depression and/or anxiety and use of antidepressants (see covariates).
For all statistical tests, a probability level of ≤5% was regarded as significant. For testing interactions, this level was set at ≤10%. The statistical calculations were performed using SPSS V.20 for Windows (SPSS, Chicago, USA).
RESULTS
Sample characteristics
Of 2039 subjects, 11% developed chronic multisite musculoskeletal pain over 2 years, 17% over 4 years and 21% over 6 years.
Persons who developed chronic pain had higher pain scores at baseline, were significantly older, were more often female, had less years of education, had a higher body mass index, had more chronic diseases, used more often heart medication, had more often a lifetime depressive and/or anxiety disorder, had higher evening cortisol, lower RSA and SDNN, and had more adverse life events at baseline (see table 1 for baseline characteristics). Table 2 reports the association between biological stress systems function and the onset of chronic multisite musculoskeletal pain over 6 years. None of the HPA axis, IMS and ANS variables were associated with the onset of chronic pain after adjustment for covariates. Controlling for age eliminated the significant univariate associations as shown in table 1 (evening cortisol: Δβ=16%; RSA: Δβ=46%; SDNN: Δβ=38%).
Biological stress systems
No evidence was found for non-linear associations between cortisol measures and chronic pain (all quadratic terms: p>0.10). No moderating effect of depression and/or anxiety was found in the association between any biological variable with the onset of chronic pain (all p-interaction>0.10). We additionally checked whether associations existed for the first cortisol value at awakening and the diurnal cortisol slope (calculated by subtracting the value at 23:00 from the cortisol value at awakening and dividing it by the number of hours in-between the two samples), as these were cross-sectionally associated with chronic pain before, 9 but no such associations were found either. Analyses considering only subjects with chronic pain for ≥90 days (n=215) showed similar HR for all biological variables (p>0.05) but evening cortisol (fully adjusted HR (95% CI) 1.30(1.09 to 1.55); p=0.003). Analyses adjusting for all covariates including pain intensity at baseline showed no significant associations for all biological variables ( p>0.05). Additional analyses only including subjects who were largely pain-free at baseline (grade 0 or grade I on CPG and pain in at most two locations; n=831) showed similar non-significant HR for all biological variables ( p≥0.10), but AUCg (HR (95% CI) 1.33(1.04 to 1.73); p=0.04).
Adverse life events Table 3 shows the association between adverse life events and the onset of chronic multisite musculoskeletal pain over 6 years.
An increased number of recent adverse life events was significantly associated with a higher hazard of chronic pain onset before and after adjustment for confounders (fully adjusted: HR per life event=1.14 (95% CI 1.04 to 1.24, p=0.005). Additional analyses considering life events as a categorical variable (0 events (reference, n=1172), 1 event (n=515), 2 events (n=239) and 3 or more events (n=113)) showed that this association with chronic pain onset followed a linear trend (fully adjusted HR=1.13, 1.41 and 1.60 subsequently). When adjusting for all covariates including pain intensity at baseline, we also showed significant associations with chronic pain onset (fully adjusted HR (95% CI) 1.12(1.02 to 1.22), p=0.02). Additional analyses only including largely pain-free subjects at baseline (n=831) showed similar HR, however non-significant (fully adjusted: OR (95% CI) 1.14(0.90 to 1.44), p=0.27). Figure 1 shows the association between individual adverse life events and the onset of chronic pain. Nearly each life event showed a positive association with chronic pain onset, which were significant for financial problems (5.8%; HR (95% CI) 1.54(1.05 to 2.25); p=0.03), separation from partner (6.1%; HR (95% CI) 1.49(1.02 to 2.18); p=0.04) and other adverse life events (9.3%; HR (95% CI) 1.59(1.18 to 2.14), p=0.003; which included mainly death of others than friend or family (9.9%), problems with relationships (6.0%) and physical/sexual abuse (3.3%)).
Analyses showed no moderating effect of adverse life events in the association between biological stress systems function and chronic pain onset (all interaction terms: p>0.10, with the exception of evening cortisol: p=0.06).
DISCUSSION
This longitudinal study showed that HPA axis, IMS and ANS functioning did not predict the onset of chronic multisite musculoskeletal pain, either as a main effect or in interaction with adverse life events. However, adverse life events by themselves did predict the onset of chronic multisite musculoskeletal pain independently of biological stress systems function, sociodemographics, lifestyle, chronic diseases, depression and anxiety.
In contrast with a dominant hypothesis in the field, 3 our large-scale study including a multitude of biological variables could not confirm that altered function of three major biological stress systems predicts chronic pain development. Only one previous longitudinal study examined the association of biological stress systems function with chronic pain onset. This study showed that HPA axis alterations predicted new-onset chronic widespread pain after 15 months. 5 In that study, a psychosocially at-risk group was selected based on their somatic symptoms and illness behaviour. 5 36 Perhaps these subjects were more vulnerable to HPA axis changes than subjects in our study. The distinct findings might also be explained by measurement differences, for example, in the assessment of pain, depression or cortisol. 37 Several cross-sectional studies showed biological alterations in chronic pain 3 8 also in the Netherlands Study of Depression and Anxiety sample. 9 12 Our current finding of no associations with chronic pain onset might therefore suggest †Based on independent-samples t tests for continuous variables, χ 2 tests for dichotomous and categorical variables and Mann-Whitney U tests for non-normally distributed variables. Smoking/alcohol drinking: reference group consists of non-smokers/non-alcohol drinkers. p Values are for illustrative purposes only and are uncorrected for multiple testing. ANS, autonomic nervous system; AUCg, area under the curve with respect to the ground; AUCi, area under the curve with respect to the increase; CRP, C reactive protein; HPA, hypothalamic-pituitary-adrenal; IL-6, interleukin 6; IMS, immune system; LPS, lipopolysaccharide; MET, one's resting metabolic rate multiplied by minutes of physical activity per week; PEP, pre-ejection period; RSA, respiratory sinus arrhythmia; SDNN, SD of the normal-to-normal interval; TNF-α, tumour necrosis factor α. ¶Additionally adjusted for lifetime diagnoses of depressive and anxiety disorders and use of antidepressants. ANS, autonomic nervous system; AUCg, area under the curve with respect to the ground; AUCi, area under the curve with respect to the increase; CRP, C reactive protein; HPA, hypothalamic-pituitary-adrenal; IMS, immune system; LPS, lipopolysaccharide; PEP, pre-ejection period; RSA, respiratory sinus arrhythmia; SDNN, SD of the normal-to-normal interval; TNF-α, tumour necrosis factor α.
that these biological changes are consequences rather than risk factors for developing this condition. Chronic pain itself, by acting as a chronic stressor, with associated symptoms such as sleep disturbance, fatigue, depressed mood, and lower physical activity levels may be the cause of these biological alterations at a later stage. 2 In line with previous hypotheses 19 38 we demonstrated a significant effect of baseline adverse life events on chronic pain onset. This effect was neither modulated by biological variables, nor by depression or anxiety. This last finding is in contrast to previous studies showing negative life events to be relevant mainly in patients with prior psychiatric history. 17 We found strongest effects for 'another serious life event', which might reflect more a subjective component than the more objective enumeration of the other events (1) (2) (3) (4) (5) (6) (7) (8) (9) (10) (11) (12) . Perhaps subjects with pain vulnerability are more likely to report negative life experiences. 39 40 However, our findings might also suggest that exposure to psychosocial stress triggers the development of a chronic pain state.
We assessed biological variables in 1 day, whereas HPA axis, ANS and IMS functioning fluctuates from day-to-day. Missing data does not seem differential for LPS-stimulated inflammation, 12 but may be slightly differential for HPA axis markers. 31 Moreover, pain symptoms may fluctuate and therefore some subjects might have been misclassified. Our classification of chronic multisite musculoskeletal pain was pain in the extremities, the back and the neck in the prior 6 months. Previous studies mostly defined chronic widespread pain, a cardinal symptom of the fibromyalgia syndrome, as axial and bilateral pain above and below the waist. 41 With this somewhat 'less stringent' definition, we may have included some patients with milder pain. However, the majority of patients with multisite pain do not fulfil the 'widespread' criteria, but still suffer from high pain intensity, significant psychological distress and severe limitations in daily living. 42 Therefore, setting somewhat broader parameters for studying underlying mechanisms of chronic pain might be useful. 42 43 Strong aspects of this study are the longitudinal design, the large sample size, and the assessment of a wide range of biological variables in relation to chronic pain onset while adjusting for a number of covariates. Moreover, interaction effects were tested with life events and with psychopathology that are known to influence biological stress systems functioning. Thus, if dysregulated biological stress systems would play an important role in the onset of chronic pain, our study should have been able to show this, especially since our cross-sectional findings did indicate biological alterations in chronic pain. 9 12 In conclusion, this study does not support the hypothesis that dysregulated biological stress systems precede the development Figure 1 Associations* between each adverse life event and onset of chronic multisite musculoskeletal pain. of chronic pain, which might suggest that biological changes are consequences rather than causes of the condition. Adverse life events may play a role in triggering the development of chronic pain.
